Introduction
The current approach for localizing and assessing the severity of traumatic peripheral nerve injuries involves clinical evaluation and electrodiagnostic studies. However, the ability of these approaches to determine the extent of nerve damage within the first 6 weeks after trauma is limited (Cartwright et al., 2007b) . Furthermore, the availability of CT and MR neurography may be limited, and the costs can be significant. In comparison, ultrasonography is a portable, dynamic, and relatively low-cost technology (Lee et al., 2011) . With the development of scientific technology, applications of high-resolution ultrasound have rapidly developed in biomedical fields. High-resolution sonography clearly depicts peripheral nerve size spaces occupying lesions and anatomic variants along the entire length of the normative nerve. Using sonography, peripheral nerves have a fibrillar appearance, which is tape-like on longitudinal scans and ovoid on transverse scans. Ultrasonographic patterns correlate well with histological structures. Normal peripheral nerves have a characteristic echotexture. Nerves are composed of hypoechoic fascicules within a hyperechoic environment. The radial nerve is frequently more involved in entrapment syndromes than the ulnar and median nerves. However, an accurate diagnosis is not apparent, and is obtained only by exclusion, which sometimes delays initiation of effective treatment. In addition, reference values have not been published for the cross-sectional areas of radial nerves studied in diseases of the peripheral nervous system (Kleinert and Mehta, 1996) . The median, radial, and ulnar nerves of the upper limbs may be affected by various peripheral neuropathies, each of which may be categorized according to its cause, as either an entrapment or a nonentrapment neuropathy (Martinoli et al., 2004) . High-resolution ultrasonography has been shown to be useful for the localization of ulnar neuropathy (Ng et al., 2011) , and can support clinical and electrophysiological testing for detection of a variety of nerve abnormalities, including entrapment neuropathies, traumas, infectious disorders, and tumors (Bacigalupo et al., 2003) . In the last 20 years, many studies have examined the usefulness of this technology, but most have explored imaging of the median nerve (Cartwright et al., 2007a; Chen et al., 2011) . The radial nerve is frequently more involved in entrapment syndromes than the ulnar and median nerves (Kleinert and Mehta, 1996) , but the reference standard for normal radial nerves has not been established. Thus, the present study sought to obtain high-resolution ultrasonography images of radial nerves, and sought to assess possible relationships between the cross-sectional areas and the patient's height and weight.
Participants and Methods

Participants
A total of 245 volunteers were recruited by advertisement. Recruited individuals included medical students, hospital staff and patients, all without peripheral neuropathy or upper-limb injury. Forty-five of these volunteers were excluded because of a history of peripheral neuropathy, acute trauma involving the upper extremity, previous trauma in the region of the wrist, or brachial plexus injury. Specifically, individuals were excluded if they experienced numbness, tingling pain, and needle sensation pain or weakness in their hand or arm (Cartwright et al., 2009 ). All participants provided written informed consent. The experimental protocol was approved by the Institutional Human Study Committee of the Affiliated Hospital of Guiyang Medical College, China.
Inclusion and exclusion of participants at different ages are listed in Figure 1 . Therefore, 200 subjects were included in the final analysis. The clinical features of the included 200 normal volunteers are shown in Table 1 . According to their age, the subjects were assigned to young (18-30 years, n = 80), middle (31-60 years, n = 95), and old (61-75 years, n = 25) groups. The clinical features of healthy volunteers in different groups are shown in Table 2 . The clinical features of healthy volunteers with different genders are shown in Table 3 .
Ultrasound measurements
A high-resolution ultrasound system (AKOKA SSD-4000; Toshiba, Tokyo, Japan) with a linear array transducer of 10 MHz was used. Depth, gain, and dynamic range were adjusted appropriately for optimal differentiation between nerves and other soft tissue structures. The ultrasound images were obtained by experienced operators, by placing the transducer perpendicular to the normal radial nerve at all levels of the normal radial nerve on bilateral arms. To generate reference values, an ultrasonographer measured the cross-sectional area of the radial nerve at two sites in 200 volunteers. Pressure of the transducer on the skin was kept to a minimum to minimize deformation of underlying structures (Beekman et al., 2004; Visser, 2009) . At each site, the cross-sectional area of the radial nerve was obtained by circumferentially tracing just inside the hyperechonic rim of the nerve. The transducer was placed perpendicular to the nerve, so the smallest and most accurate cross-sectional area could be obtained, and the mean value was used in further calculations. The images were obtained with the participant in a supine position. The cross-sectional area value was measured three times at the same site. Cross-sectional areas were measured at the following locations: 4 cm upon the lateral epicondyle of the humerus (4 cm), and mid-humerus (midpoint between the elbow crease and the axilla) (Figure 2) . At each site, the cross-sectional area of the radial nerve was obtained by tracing just inside the hyperechoic rim of the nerve. Age, sex, height, and weight were obtained from each volunteer. We compared nerve size in dominant and nondominant upper arms as well as between men and women. Correlation coefficients were calculated by comparing nerve size with height and weight. 25 subjects were included in the final analysis.
Statistical analysis
Data were analyzed using SPSS 11.5 software (SPSS, Chicago, IL, USA), and were expressed as the mean ± SD. Statistical analysis was performed using the independent sample t-test. P values less than 0.05 were considered statistically significant. To correlate the cross-sectional area of nerves with other parameters, Pearson's correlation analysis was used.
Results
Cross-sectional area of the upper-radial nerves of healthy people
The mean cross-sectional areas of the radial nerves were as follows: at 4 cm at the lateral epicondyle of the humerus (4 cm), 5.14 ± 1.24 mm 2 ; and at mid-humerus (midpoint between the elbow crease and axilla), 5.08 ± 1.23 mm 2 . There was no statistical difference in mean cross-sectional areas of the radial nerves among the three groups (P > 0.05). Women had smaller mean cross-sectional areas of the radial nerve than men in two measuring sites (lateral epicondyle of humerus and mid-humerus) (P < 0.05). There was no statistical difference in mean cross-sectional areas of radial nerves when dominant and nondominant arms were compared (P > 0.05; Table 4 ). Lateral epicondyle of humerus, 4 cm upon the lateral epicondyle of humerus; mid-humerus, midpoint between the elbow crease and the axilla. #Data are expressed as the mean ± SD. Statistical analysis was performed using the independent sample t-test. *P < 0.05, vs. male.
Relationships of cross-sectional areas of upper-radial nerves to height and weight in healthy people
Pearson's correlation analysis showed that the mean cross-sectional areas of radial nerves were strongly correlated with height and weight, with a correlation coefficient of 0.38 (P < 0.05). There was also a correlation between weight and the cross-sectional areas of radial nerves, with a correlation coefficient of 0.36 (P < 0.05, Figure 3 ).
Discussion
The radial nerve is the largest branch of the brachial plexus. It is the continuation of the posterior cord, with nerve fibers from C 6 , C 7 , C 8 , and occasionally T 1 . Radial nerve compression or injury may occur at any point along the anatomic course of the nerve, and may have varied etiologies. The most frequent site of compression is in the proximal forearm in the area of the supinator muscle, which involves the posterior interosseous branch. However, problems occur proximally in relation to fractures of the humerus at the junction of the middle and proximal thirds, as well as distally on the radial aspect of the wrist (Thomsen and Dahlin, 2007; Robson et al., 2008) . The radial nerve was visible throughout the upper arm, and could be easily identified and measured at two sites. The area of the nerve was consistent throughout its entire length. Clinical, laboratory, and electrodiagnostic studies are the main parameters used in the diagnosis of polyneuropathy. An accurate etiological diagnosis is of paramount importance, providing information for appropriate treatment, prognosis, and genetic counseling. High-resolution sonography of the peripheral nervous system allows nerves to be readily visualized to assess their morphologies (Goedee et al., 2013) . Using this technique, the main pathological changes have been nerve enlargement and increased hypoechogenicity. The normal reference values may be helpful in the diagnosis of pathologies involving these nerves. High-resolution ultrasound and electrophysiological examination can be used in the diagnosis and evaluation of ulnar nerve entrapment at the elbow (Zhong et al., 2012) . Ultrasonography is capable of providing morphological information of nerves, including the exact location, course, and extent (Zhang et al., 2013) . For example, sonography has revealed intriguingly different patterns of nerve enlargement between inflammatory neuropathies and axonal and inherited polyneuropathies.
High-resolution ultrasound is a powerful tool in the assessment of peripheral nerve disease. Nerve ultrasound is an evolving new discipline (Hobson-Webb et al., 2012) . Normal peripheral nerves have a typical sonographic appearance, exhibiting multiple longitudinal hypoechoic bands, which represent fascicular bundles. These are separated by discontinuous bands of increased echogenicity, corresponding to the surrounding epineurium (Hammer et al., 2006; Tagliafico et al., 2008; Thoirs et al., 2008; Yoon et al., 2008) . A previous study supported the hypothesis that high-resolution ultrasound could reliably measure the cross-sectional areas of peripheral nerves (Alshami et al., 2009) . Nonetheless, the diameter rather than cross-sectional area was commonly used to evaluate nerve size (Kincaid and Barrett, 2005; Cartwright et al., 2007a; Alshami et al., 2009) . Measurement of the cross-sectional area instead of maximal nerve diameter is preferred, which has been advocated by other studies (Park et al., 2004; Mallouhi et al., 2006; Koenig et al., 2009) .
The radial nerves in the present study had quite different configurations, suggesting that calculations using a continuous boundary trace of the nerves should provide the most accurate cross-sectional areas. The observed variations in the shape of the nerves involved from round to oval shapes at different locations throughout the upper arm. In the present study, it may be speculated that the cross-sectional area is a more consistent index for measurement, and a more reliable measurement than the diameter, because nerves have inconsistent radial shapes. There was no statistical difference in nerve size when dominant and nondominant arms were compared, but women did have smaller nerves than men. The radial nerve in two measuring sites (lateral epicondyle of the humerus, 4 cm; and mid-humerus) showed statistical differences between men and women. Of all the variables measured, linear regression analysis showed a significant correlation of the cross-sectional areas of radial nerves with weight and height in healthy adults. This finding implied that height should be considered to have a major impact on the evaluation of the measured area of the radial nerve in normal patients. There was no significant difference between the three groups, and no significant difference in cross-sectional areas between dominant and nondominant arms, with significantly higher nerve areas in men than women.
The precise reason for such discrepancy is largely unknown. Much of this variability may be due to differences in measurement techniques, along with differences between the populations studied. Apart from the known interindividual differences in nerve thicknesses, there may be a reason, in the literature, for the broad range of normative values reported for the ultrasonographic diagnosis of peripheral nerve entrapments (Wein and Albers, 2002; Wong et al., 2002) . High-frequency ultrasound evaluation should be considered in the evaluation of nerve injury, which can facilitate the early diagnosis and treatment of surgical nerve injuries (Hollister et al., 2012) . Our experience seems to favor the conclusion that examination of nerves in the extremities is a promising new application of high-resolution ultrasound. This study provides normative data on radial nerve sonoanatomy at the upper arm. We feel the reference values obtained in this study are essential for facilitating a better diagnosis of abnormal nerve conditions, such as entrapment, hereditary neuropathies, acquired neuropathies, trauma, and nerve tumors, which can result in an increase in nerve cross-sectional areas. High-resolution sonography can therefore be useful to assess the underlying cause of superficial radial nerve pathology, and cross-sectional area reference values at sites along the nerve will therefore assist in the evaluation of these conditions (Beekman et al., 2004; Cartwright et al., 2007a; Cartwright et al., 2008; Hobson-Webb et al., 2012) .
In our routine studies, a 10-MHz linear array transducer was used to scan the radial nerve of the upper arm in both the transverse and longitudinal planes. We found that the cross-sectional area is a more consistent measurement. There are several study limitations that should be considered. There was a small sample in every group, and there were only two ultrasonic measurement points. Healthy individuals displayed a strong correlation between cross-sectional area of the radial nerve and weight or height. The cross-sectional areas of the radial nerves of healthy people displayed little difference between left and right sides, although nerves in males seemed to be larger than females in the upper arm.
The reference values obtained in this study will help facilitate the study of abnormal nerve conditions, and the information on side-to-side variations and sex-specific differences should also be helpful. Although the ultrasound study of peripheral nerves is relatively new, with further refinement of ultrasound technology, clinicians should be able to gain more precise knowledge of the ultrasound appearance of the extremities. It is therefore expected that this technology will have a major impact on the diagnosis, treatment, and prognosis of patients who are suspected of having a nerve lesion.
